For the recently synthesized ͑Cu 0.75 Mo 0.25 ͒Sr 2 ͑Ce 0.67 Y 0.33 ͒ 3 Cu 2 O 11+␦ or ͑Cu,Mo͒-1232 high-T c superconductor, the ͑Ce,Y͒ site in the triple-fluorite-structured ͑Ce 0.67 Y 0.33 ͒-O 2 -͑Ce 0.67 Y 0.33 ͒-O 2 -͑Ce 0.67 Y 0.33 ͒ block between two adjacent CuO 2 planes is found flexible enough for rare earths ͑R͒ from La to Yb to fully substitute for Y. The superconductivity transition temperature, T c , monotonically increases with decreasing size of the R constituent, from 26 K for La to 53 K for Y. At the same time the average valence of copper as evaluated from Cu L-edge x-ray absorption near-edge structure spectra is found to remain constant at 2.28 ͑within ±0.01͒. Since the samples ͑especially with large Rs͒ are underdoped, we believe that the smaller-for-larger R-cation substitution shifts holes from the ͑Cu, Mo͒O 1+␦ charge reservoir into the CuO 2 planes to increase T c . With R = Tb and Pr, the ͑Cu,Mo͒-1232 structure forms but the samples can not be made superconductive. The reason is found at the lower Cu valence value, i.e., 2.18 for R = Tb. Moreover, the lattice parameters, a and c, for both the R = Tb and Pr samples are significantly shorter than those expected through interpolation of data for the samples with other R constituents. Hence, we suggest that both Tb and Pr in ͑Cu,Mo͒-1232 possess a valence state higher than III. For the known high-T c superconductive copper-oxide phases having rare earth ͑R͒ elements as constituents a common feature has been that any of the R elements can be fully substituted by most of other R elements. Tuning the size of R provides us with a means to control the superconductivity characteristics, viz., the "chemical pressure" effect. For the prototype high-T c superconductor, CuBa 2 RCu 2 O 7−␦ ͓i.e., Cu-1 ͑Ba͒ 2 ͑R͒ 12 ͑Ref. 1͒ or "R-123"͔ increasing the size of the R constituent decreases T c , 2 whereas the opposite is true for the other well-known R-based system, Cu Here it should be noted that we also attempted to synthesize the R = Lu phase, but the phase did not form. To make the as-synthesized ͑AS͒ samples superconductive, a subsequent annealing at high oxygen pressures is required. 6 Portions of the AS samples were therefore high-pressure oxygenated ͑HPO͒ at 5 GPa and 500°C for 30 min in a cubic-anvil-type high-pressure apparatus in the presence of Ag 2 O 2 as an excess-oxygen source. The amount of Ag 2 O 2 mixed with the ͑Cu 0.75 Mo 0.25 ͒Sr 2 ͑Ce 0.67 R 0.33 ͒ 3 Cu 2 O 11+␦ powder was systematically varied from 12.5 to 100 mol % to find out the appropriate amount required to reach the maximum oxygen content for the ͑Cu, Mo͒-1 ͑Sr͒ 2 ͑Ce,R͒ 32 phase. All the AS and HPO samples were found to be of single phase within the detection limit of powder x-ray diffraction ͑XRD͒ measurement. Lattice-parameter refinement was readily carried out in tetragonal space group, P4/mmm, expected for a 1232-type structure. The samples were also characterized for the superconductivity transition temperature, T c ͑defined at the onset of the diamagnetic signal in the field-cooling curve recorded at 10 Oe͒, using a superconducting quantum interference device ͑SQUID͒ magnetometer ͑Quantum Design: MPMS-XL͒, and for the average ͑over the two different Cu lattice sites͒ valence of copper, V͑Cu͒, on the basis of Cu L 2,3 -edge x-ray absorption near-edge structure ͑XANES͒ spectroscopy. The XANES spectra were collected at room temperature for selected R-constituent samples in x-ray fluorescence-yield mode at the "6-m HSGM" beam line of the NSRRC in Hsinchu, Taiwan; experimental details were as previously given elsewhere. 7 The spectral features were analyzed following Ref. 7. The intensities of the main peak seen in the Cu L 3 -edge area around ϳ931.2 eV and its high-energy shoulder at ϳ932.7 eV were fitted with Gaussian functions after ap-PHYSICAL REVIEW B 72, 012501 ͑2005͒
For the known high-T c superconductive copper-oxide phases having rare earth ͑R͒ elements as constituents a common feature has been that any of the R elements can be fully substituted by most of other R elements. Tuning the size of R provides us with a means to control the superconductivity characteristics, viz., the "chemical pressure" effect. For the prototype high-T c superconductor, CuBa 2 RCu 2 O 7−␦ ͓i.e., Cu-1 ͑Ba͒ 2 ͑R͒ 12 ͑Ref. 1͒ or "R-123"͔ increasing the size of the R constituent decreases T c , 2 whereas the opposite is true for the other well-known R-based system, Cu 2 Ba 2 RCu 2 O 8 ͓Cu-2 ͑Ba͒ 2 ͑R͒ 12 ͑Ref. 1͒ or "R-124"͔. 3 Substitution studies involving R elements soon revealed another interesting issue: among the fifteen rare earths ͑= Sc, Y, La-Lu; omitting radioactive Pm͒ not only the smallest end members, Sc and Lu, but also Ce, Pr and Tb often behave anomalously. 4 Here it should be noted that we also attempted to synthesize the R = Lu phase, but the phase did not form. To make the as-synthesized ͑AS͒ samples superconductive, a subsequent annealing at high oxygen pressures is required. 6 Portions of the AS samples were therefore high-pressure oxygenated ͑HPO͒ at 5 GPa and 500°C for 30 min in a cubic-anvil-type high-pressure apparatus in the presence of Ag 2 O 2 as an excess-oxygen source. The amount of Ag 2 O 2 mixed with the ͑Cu 0.75 Mo 0.25 ͒Sr 2 ͑Ce 0.67 R 0.33 ͒ 3 Cu 2 O 11+␦ powder was systematically varied from 12.5 to 100 mol % to find out the appropriate amount required to reach the maximum oxygen content for the ͑Cu, Mo͒-1 ͑Sr͒ 2 ͑Ce,R͒ 32 phase. All the AS and HPO samples were found to be of single phase within the detection limit of powder x-ray diffraction ͑XRD͒ measurement. Lattice-parameter refinement was readily carried out in tetragonal space group, P4/mmm, expected for a 1232-type structure. The samples were also characterized for the superconductivity transition temperature, T c ͑defined at the onset of the diamagnetic signal in the field-cooling curve recorded at 10 Oe͒, using a superconducting quantum interference device ͑SQUID͒ magnetometer ͑Quantum Design: MPMS-XL͒, and for the average ͑over the two different Cu lattice sites͒ valence of copper, V͑Cu͒, on the basis of Cu L 2,3 -edge x-ray absorption near-edge structure ͑XANES͒ spectroscopy. The XANES spectra were collected at room temperature for selected R-constituent samples in x-ray fluorescence-yield mode at the "6-m HSGM" beam line of the NSRRC in Hsinchu, Taiwan; experimental details were as previously given elsewhere. 7 The spectral features were analyzed following Ref. 7 . The intensities of the main peak seen in the Cu L 3 -edge area around ϳ931.2 eV and its high-energy shoulder at ϳ932.7 eV were fitted with Gaussian functions after ap-proximating the background to a straight line. The intensity of the main peak is proportional to the amount of divalent copper ͓I͑Cu II ͔͒, whereas that of the shoulder reflects the amount of trivalent copper ͓I͑Cu III ͔͒. Thus, V͑Cu͒ was estimated by: V͑Cu͒ =2+I͑Cu III ͒ / ͓I͑Cu II ͒ + I͑Cu III ͔͒. Since we did not correct the XANES data for the self-absorption effect, 8 the resultant absolute values for V͑Cu͒ may somewhat ͑±0.03͒ deviate from the true Cu valence values. Nevertheless, within the sample series studied, our V͑Cu͒ values should be highly reliable in terms of detecting relative changes or differences in the ͑average͒ valence state of copper.
First we investigated the influence of the amount of Ag 2 O 2 used as the excess-oxygen source in the HPO treatments. It was found-for all the R constituents-that with increasing amount of Ag 2 O 2 the lattice parameters decreased and the values of V͑Cu͒ and T c increased only up to 50-75 mol % of added Ag 2 O 2 , and then leveled off. This indicates that the further increase in the amount of Ag 2 O 2 does not increase the oxygen content of the ͑Cu 0.75 Mo 0.25 ͒Sr 2 ͑Ce 0.67 R 0.33 ͒ 3 Cu 2 O 11+␦ phase. In the following discussion, when referring to HPO samples we mean such "oxygen-saturated" samples.
In Fig. 1 the lattice parameters, a and c, of the tetragonal ͑Cu, Mo͒-1 ͑Sr͒ 2 ͑Ce,R͒ 32 unit cell are plotted against r͑R III ͒ ͑=ionic radius 9 of 8-coordinated R in the trivalent state͒ for the two sample series, AS and HPO. For every R constituent, the HPO treatment results in lattice contraction, as commonly seen for layered copper oxides upon increasing oxygen content. From Fig. 1 , magnitude of the lattice-parameter contraction is essentially constant within the entire R substitution range. Hence we conclude that the amount of oxygen incorporated upon HPO treatments is of the same level for all the R constituents. This is consistent with the nearly constant increase in the V͑Cu͒ value revealed from the Cu L-edge XANES spectra for most of the ͑Cu, Mo͒-1 ͑Sr͒ 2 ͑Ce,R͒ 32 phases upon HPO treatment ͑Fig. 2͒.
Moreover, the maximum V͑Cu͒ value itself is apparently constant for most of the HPO samples, which indicates the same absolute oxygen content for these samples. From Fig. 2 , among the HPO samples characterized by XANES, V͑Cu͒ remains constant at 2.28± 0.01 for all R species except Tb: a significantly lower V͑Cu͒ value of 2.18 is obtained for the sample with R = Tb. It should be noted that for the R = Pr sample, XANES data were collected too, but could not be reliably fitted due to the overlap of Cu L-edge and Pr M-edge spectral features. However, visual comparison was done to conclude that V͑Cu͒ in the R = Pr sample is close to that in the R = Tb sample. Assuming a constant oxygen content ͑and constant valence values for Mo and Ce͒ for the entire series of the HPO samples of ͑Cu 0.75 Mo 0.25 ͒Sr 2 ͑Ce 0.67 R 0.33 ͒ 3 Cu 2 O 11+␦ , we calculated from the V͑Cu͒ values that the R valence, V͑R͒, is larger by 0.28 for the R = Tb sample than for those with the rest of R constituents ͑excluding Pr͒. Moreover it is revealed from Fig. 2 that among the AS samples too, the R =Tb sample exhibits the lowest V͑Cu͒ value, and hence it is most likely that the V͑Tb͒ value is slightly higher than III. The deviation of V͑Cu͒ for the R = Tb AS sample from those for the rest of AS samples is, however, less pronounced than the one seen for the HPO samples. Notably, we end up with a highly parallel conclusion by analyzing the lattice parameter data of Fig. 1 : for all R constituents except Tb and Pr a perfectly linear dependence ͑"lanthanide contraction"͒ of a and c on r͑R III ͒ is apparent for both the sample series, AS and HPO. Taking an analogy to the case of R =Pr 10 in the In Fig. 3 , the value of T c is plotted against r͑R III ͒ for the HPO samples. All the HPO samples ͑except those with R = Tb and Pr͒ show superconductivity with the T c values ranging from 23 K for R =La to 53 K for R = Y. The absence of superconductivity in the R = Tb and Pr samples is well justified from the lower valence state of copper in these samples. Rather, in Fig. 3 This is actually what one may also conclude from the fact that upon loading these samples with an increasing amount of oxygen, T c monotonically increases ͑up to the very level of "oxygen saturation" reached with the present HPO technique͒. 6 Finally we should comment on the anomalously low T c value of the R = Yb sample ͑Fig. 3͒. Since the average Cu valence for this sample is just the same as that for the other superconductive ͑Cu, Mo͒-1 ͑Sr͒ 2 ͑Ce,R͒ 32 samples ͑Fig. 2͒, one of the following explanations may stand: ͑1͒ the shift of holes from the ͑Cu, Mo͒O 1+␦ charge reservoir to the CuO 2 planes has made the sample come into the overdoping region in the case of R = Yb, or ͑2͒ some ͑not yet addressed͒ lattice-mismatch effect becomes severe enough to depress the T c . It should be recalled that to obtain the R = Yb sample required were synthesis conditions a little different from those for the samples with other R constituents.
In conclusion, we have arrived at a model system that provides us with an opportunity to extend the yet-limited understanding upon the effects of chemical pressure and the behaviors of the puzzlingly behaving rare earths, Tb and Pr, in high-T c superconductive layered copper oxides. In the rather exotic ͑Cu,Mo͒-1232 system presented here, the ͑Ce,Y͒ site in the triple-fluorite-layer block between the two adjacent CuO 2 planes was found flexible enough to be occupied by R elements ranging ͑in terms of size͒ from La down to Yb. For samples that possessed the same average Cu valence value, the value of T c was found to increase with decreasing size of the R constituent. The following interpretation was proposed for this: The samples with the largest R constituents are clearly underdoped but the smaller-for-larger R-cation substitution promotes shift of holes from the ͑Cu, Mo͒O 1+␦ charge reservoir to the superconductive planes such that the hole-doping level of the CuO 2 planes may approach the optimum level to raise the value of T c towards the maximum value. Moreover, it was found that unlike the samples with the rest of R constituents, the R = Tb and Pr samples remained nonsuperconductive possessing a Cu valence value significantly lower than those of other similarly treated samples. This suggested that Tb and Pr in the samples possess valence values higher than III. 
